Applications and examples of light and electron micrographs illustrating microstructures, which describe metallurgical phenomena in 3D printing/additive manufacturing of metal and alloy products and components, are presented along with extensive process and processing parameter descriptions and review. Examples include microstructures that have defined turbine blade fabrication and optimization over the past half century, including contemporary electron beam melting fabrication of turbine blade alloys and other novel microstructures and architectures, which result from layer by layer, nonequilibrium melt solidification and epitaxial growth involving powder bed laser and electron beam fabrication. Phase transformations and second-phase formation by rapid cooling in metal and alloy components fabricated by laser and electron beam melting technologies are illustrated for a range of high-temperature materials. Using a range of examples, the advantages of fabricating complex (especially porous) biomedical and related commercial products are described. Prospects for future developments of direct 3D metal and alloy droplet printing, as a key component of the digital factory of the future, are described. This technology is compared with more conventional solidification and powder bed layer building thermo-kinetics, especially in the context of large structure and component fabrication. 
Introduction
Over the past several years, there have been a plethora of reviews that analyze and summarize the state of the art of metal and alloy processing by means of 3D printing and additive manufacturing (AM). As exemplified in the related literature, these two terms are now used interchangeably [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The whole spectrum of additive manufacturing, including the wide range of stereo-lithography processes, which include polymers, ceramics, and metallic materials, is estimated to encompass an economic valuation exceeding $10B (in 2017) worldwide. This number is increasing rapidly in all sectors, including machine sales of various kinds, especially in the USA [20] . In addition, over the past 2 years major aerospace and other manufacturers such as General Electric (GE) have opened advanced manufacturing and additive manufacturing centers in various parts of the world (2016) (2017) . In addition, facilities for producing precursor products, especially metal and pre-alloyed powders have been constructed [20] .
While most available metal 3D printing/additive manufacturing commercial systems, especially powder bed machines, have limited build volumes of around 0.3-0.5 m 3 , GE Additive, announced in mid-2017 the development of the world's largest laser powder bed AM machine especially tailored for the aerospace industry. This laser melting system will be able to ''print'' in a build volume of 1 m 3 , suitable for jet engine structural parts and other aircraft components, as well as similar components for automotive and related industries. 3D printing of oneof-a-kind parts and reverse engineering for obsolete parts is also a valuable application for large build formats.
Although many of the recent reviews of metal and alloy AM fabrication of parts and components using commercial, small volume (* 0.3 m 3 ) build machines have addressed aspects of precursor materials optimization, process parameter optimization, and residual product structure, properties, processing, and performance connections in some instances [21, 22] , a full realization of the AM potential will require a continuing and more extensive understanding of the structure-property-processing linkage for a broader range of advanced materials. This is especially true for component scale-up from dimensions of * 0.3 to [ 1 m, including thermo-kinetic control and optimization during the build process, as this affords residual microstructure and property control and optimization for fabricated parts.
There have been numerous publications, including reviews, which have illustrated and/or compared various AM microstructures for a wide range of metals and alloys as well as more conventional wrought or cast products [4, 13, 14, 21, 22] . In the case of wrought and cast products, thermo-mechanical (TM) processing to create specific microstructure-property-performance linkages has been crucial for steels, aluminum alloys, and superalloy product development and optimization. However, for geometrically complex and other close tolerance (net shape) AM product or component fabrication not amenable to TM, process parameter manipulation and post-process thermal treatments including HIP (hot isostatic processing) are the viable avenues for microstructure control and manipulation. Moreover, conventional metallurgical heat treatments may not lead to results typical of wrought metal behavior, especially microstructure development. Metallographic observations, using both light and electron microscopy, are essential for observing microstructure and microstructure evolution [23] .
This review reverses the chronology of the abstract because it begins with an overview of the current AM technologies involving wire and powder precursor metals and alloys variously melted by laser or electron beams. Some attention is paid to the details of processing parameters and their optimization and tailoring for a range of metal and alloy melting points: From aluminum at * 660°C to niobium at * 2495°C. This approach will set the stage for a discussion of prospects for the evolution of direct metal droplet deposition (3D metal printing) which has been proposed in published research and patent filings for more than 3 decades [24] [25] [26] . Consequently, this aspect of the present review will attempt to illustrate both current and future technical and economic realities of metal additive manufacturing.
Following this comprehensive overview, metallographic examples of variously fabricated AM metal and alloy products and components will be presented with the intent not only to illustrate some of the unique and novel AM microstructures and microstructural issues, but also to compare variances and similarities with more conventional metallurgically fabricated components. Finally, on the basis of the overview of metal AM fabrication techniques and their related product microstructures, this review will summarize how current understanding and successful applications can inspire new approaches and fabrication strategies for the manufacture of advanced materials products and components.
Overview of Contemporary Metal Additive Technologies
Additive manufacturing technologies involving controlled metal buildup has evolved over the past half century from fusion welding to repair or rebuilding worn and damaged components [27] . There was also the development of cladding and hardfacing of surfaces by powder injection (especially with hard ceramic powders) into the melt pool, including electron and laser beam melting [28] for cladding and hard surfacing by continuous wire or powder feed (or injection) into a melt pool generated by an electron or laser beam [29, 30] . These processes evolved into so-called rapid prototyping or freeform fabrication technologies [31] [32] [33] , for solid metal or alloy object generation, including laser-engineered net shaping (LENS) (or direct metal deposition (DMD)), involving CAD (computer-aided design)-controlled powder injection and laser melting, surrounded by an inert gas shroud for oxidation reduction [34, 35] . Related wire feed technologies, using laser and electron beam melting, evolved alongside LENS and DMD development [36] . Figure 1a and b illustrates these processes schematically. In Fig. 1a and b, the additively fabricating component builds by x-y-z movement of the build table (indicated by part motion in Fig. 1a ) although a build head designed by shrouding a laser (or electron) beam with a powder injector (Fig. 1b) can be CAD driven as well. In this build strategy, the beam head moves x-y, while the build table or processing surface moves down (z-direction) for layer fabrication. While these additive technologies are embedded in commercial systems in use today [33, 35, 36] , they have somewhat limited ability to fabricate precision components, although they are often adaptable to largescale product manufacturing, which compensates for precision.
Interesting variances of AM technologies for specialized surface repair and rebuilding have involved applications of Fig. 1b in repairing single-crystal turbine blades (airfoils) and other components grown by precision casting of Coand Ni-base superalloys. Basak et al. [37, 38] developed a scanning laser epitaxy process for turbine blade (air foil) surface rebuilding. In addition, this technique also has prospects for the AM fabrication of entire single-crystal blades. Figure 2 illustrates this blade rebuilding AM process, which preserves the single-crystal, directional, microdendritic microstructures, and in addition refines this microstructure by reducing the interdendritic spacing by a factor of * 5, thereby increasing the hardness of this AM product extension by nearly the same factor. This Ni-base superalloy (CMSX-4: see ''Glossary of Alloy Compositions'') is also creep strengthened by forming cuboidal, c 0 (Ni 3 Al, Ta) precipitates within the microdendrites [37] . Epitaxy is an important and often controllable growth process associated with AM fabrication and will be reviewed in more detail in the narratives that follow.
Over the past two decades, powder bed technologies employing CAD-directed electron or laser beam layer sintering and melting have become the most prominent metal AM process, as illustrated schematically in Fig. 1c . Figure 1d illustrates an alternative, but less popular metal powder process where powder is selectively spread in layers from a movable nozzle or a roller system. This is followed by selective dropping or jetting of a suitable binder from an ink-jet printer head directed by a CAD program to create a metal powder/binder product. The binder is removed (vaporized) during a sintering operation at a high temperature to create a contiguous product. This is especially useful for fabricating parts of high-temperature powders such as stainless steels and superalloys. Additionally, this product (powder plus binder) can also be infused with a lower temperature molten metal. A common system is stainless steel infused with bronze. Such binder jetting or drop-on-powder printing processes [39] can also be utilized in a configuration similar to Fig. 1c) where a laser beam sinters or melts the powder while simultaneously evaporating the binder, although this approach is only viable for select metal powder fabrication.
Variances of the powder bed fusion processes illustrated in Fig. 1c : direct metal laser sintering (DMLS), selective laser sintering (SLS), selective laser melting (SLM) for laser beam processing, and selective electron beam melting (SEBM) or electron beam melting (EBM) for electron beam processing, have been available in commercial systems since the 1990s. Wohlers and Garnet have written an extensive historical account of AM processes, including past and present economic impact [40] .
Powder Bed Technologies: Electron and Laser Beam Melting
From a more pragmatic, schematic view, Fig. 1c , as it applies to electron and laser beam selective melting of metal powder bed layers, can be visualized as shown in Fig. 3a and b for electron beam melting (EBM) and selective laser melting (SLM), respectively. From a fundamental perspective, it can be appreciated that electrons of negative charge (e) and finite mass (m e ) will interact with a metal powder bed quite differently to photons in a laser beam, which have no charge or ''measurable'' mass. Their corresponding beam energies are given by:
for electrons, and
where v is the electron velocity, h is Planck's constant, c is the velocity of light, and k is the corresponding wavelength. Cline and Anthony [41] have described electron and laser beam interactions, which are very complex as a consequence of beam energy absorption by electron-atom and electron-electron interaction for an electron beam, and photon-electron-phonon interactions in the case of a laser beam. Simplification for electron and laser beam melting can involve consideration of energy or beam power absorption, where generally surface layer power absorption, P(s), is given by
where Q is the power density, r is the beam spot size, and ' is the absorption length which is related to the layer thickness as well as the layer integrity or continuity. This in turn is related to the powder size, size distribution, and morphology, including surface structure as implicit in Fig. 3c which shows a Co-Cr superalloy powder exhibiting a microdendritic structure and attached satellite particles, which alter the morphology in contrast to spherical, single particles illustrated in the examples of metal powders shown in Fig. 4 . In this sense, powder properties are related to both layer density (packing density) and the ability of the particles to flow (often measured by a volumetric flow rate [42] ), although there is not necessarily a relationship between particle properties and flow, or ''flowability.'' Particle flow may be more important in the EBM process, shown in Fig. 3a , because the powder flows onto the powder bed by gravity and is raked into a requisite layer by a precision-straight metal bar. Correspondingly, in the SLM process, shown in Fig. 3b , the powder is rolled onto the bed after being pushed up from canisters at the edge of the bed. Because the raking or rolling of powders to create efficient energy absorbing layers requires rigid mechanical arms to assure flat layer surfaces, there are intrinsic limits in using large powder beds to fabricate large products, regardless of their complexity because at some point these mechanisms may not maintain required tolerances. Nonetheless, many contemporary EBM and SLM processes can produce compressed layers having thicknesses ranging from 50 to 100 lm, with good energy absorption for achieving layer melting. Summarizing the literature tends to indicate average particle sizes ranging from 20 to 50 lm for a wide range of metals and alloys (Fig. 4) . Skewed distributions containing smaller particles tend to promote layer densification by filling larger particle packing interstices.
While commercial EBM sand SLM processing does not always pay a great deal of attention to powder contamination by oxygen, water vapor, or both, these issues can have significant effects on build optimization, residual microstructures, properties, and performance. Copper as illustrated in Fig. 4a is a notable example to be discussed in more detail later [42] . While EBM employs a vacuum environment and SLM employs an inert gas (nitrogen or argon) environment for product fabrication, some attention often needs to be directed toward powder processing (such as the atomization environment), powder outgassing, and transfer protection (container-to-cassette transfer). This is often difficult in EBM vacuum systems. There are even situations in the SLM process where the gas environment (nitrogen or argon) dictates the specific crystal structure or phase of the fabricated product [43] .
Figures 5 and 6 illustrate this feature for the SLM of 17-4 PH stainless steel. In Fig. 4 , complex, directional-like, low-angle boundaries occur for an alpha-phase (bcc) structure for the SLM of argon-atomized powder fabricated in an argon (Ar) environment. Melt layer bands observed in Fig. 4 are unique to the SLM process as observed on comparing Figs. 7 and 8. Figure 5b shows a transmission electron microscope (TEM) image of the microstructure associated with the bcc 17-4 PH build in Fig. 5a ; characterized by directional, low-angle grain boundaries and dense dislocation structures. Figure 6 compares x-ray diffraction spectra for 17-4 PH steel samples fabricated from nitrogen (N 2 )-atomized powder in argon (N 2 -Ar) resulting in a bcc (alpha) structure as in Fig. 5a , with similar 17-4 PH stainless steel powder fabricated in nitrogen (N 2 -N 2 ),where an fcc (gamma) structure is formed. This variance in fabricating 17-4 PH steel occurs because nitrogen has a thermal conductivity 40% greater than argon. As illustrated later, conductivity and associated cooling rate difference can have a significant effect on essentially all fabricated product microstructures. Differences in heat conduction (or thermal conductivity) is of some consequence generally in both the EBM and SLM ) showing low-angle grain boundaries (arrows) and dislocation structure. From Murr [22] , courtesy of Springer processes because of the consideration for product cooling, often depending on its size (volume) and complexity. In the EBM process, helium is bled into the vacuum as a thermal control measure.
Powder recycling is sometimes an important concern either for unmelted powder in the powder bed or powder recovered from complex, interior structure fabrication. This can involve some concerns for powder oxidation or related impurity issues as discussed by Gaytan et al. [44] .
In addition to concerns for powder purity, contamination, size, size distribution and morphology, there have been issues with atomization gas (particularly nitrogen and argon) trapped within the powder particles during the powder production process [44] . Refinements and process optimization have generally eliminated this phenomenon, which becomes an issue during SLM or EBM fabrication because the gas is retained in the melt and can lead to gas bubbles or an interruption in layer building, creating porosity [44] .
Of course the crucial layer building issues for powder bed EBM or SLM processes involve the efficiency and optimization of melting. This involves the build (layer building) scan strategies: beam focus (or radius, r), layer thickness (t), beam scan rate (speed, v), scan line spacing (s) or the so-called hatching distance, and the scan sequence (geometry) in the x-y plane. These process parameters along with the beam power (P) or power absorption in Eq 1 can define the power density (Q) generally as [21, 45, 46] :
Generally, the beam shape or profile is considered to be a Gaussian shape distribution of intensity, but shaped beam profiles can of course have an effect on melt zone development [47] . The EBM process requires a starter plate and preheating of each raked powder layer, usually at temperatures around 0.4 T M (T M is the absolute melting temperature). Layer preheating occurs in multiple (11-13) showing horizontal and vertical plane XRD spectra. From Murr [22] , courtesy of Springer beam scans at reduced power density by using scan rates (or raster speeds) of J 10 4 mm/s at high beam current (20-50 mA), while the melt scan rate is J 10 2 mm/s at beam currents between 5 and 10 mA [44] , depending primarily upon the powder melting point. For SLM, the preheat temperature is much lower than the powder melting point, and the melt scan strategy is different from EBM [45, 46] . Consequently, in addition to the differences in fundamental beam properties and energy absorption features, layer melting can be quite different as evidenced in the examples shown for comparison in Figs As noted previously, process thermal kinetics, including heat conduction and corresponding cooling rates, can significantly alter the AM product microstructure and associated properties and performance issues. This is often evident even on comparing the upper regions of a product in contrast to lower regions, as a consequence of temperature differences (thermal gradients). This feature is evident to some extent in Fig. 7 , as shown by residual hardness differences: somewhat softer at the hotter top regions for EBM fabrication of Ti-6Al-4V components. Figure 9 provides an example of microstructure variations for Ti-6Al-4V fabricated by EBM for a large component (* 10 cm
3 ) built at a melt scan rate of 300 mm/s and beam current of 6 mA ( Fig. 9a ) compared to a mesh component built at a melt scan rate of 400 mm/s and a reduced beam current of 4 mA (Fig. 9b ). These process parameter changes, in addition to the more open (lower relative density) structure component, led to a significant Figure 10a shows a Ti-6Al-4V SEM mesh structure image, equivalent to the light microstructure image in Fig. 9b . Mesh strut thickness is * 0.7 mm, with an overall more rapid cooling rate than the sample illustrated in Fig. 9b . Figure 10b shows a martensitic (alpha prime) Ti6Al-4V microstructure consisting of thin platelets having a thickness of roughly 50 nm, a microstructure refinement roughly 40 times smaller than Fig. 9b . This microstructure variation with temperature and cooling rates is readily observed by comparing the three light microscopy images shown in Figs. 9a, b, and 10b.
The ability of powder bed fusion processes to fabricate complex, especially internal structures such as reticulated mesh, foam, and articulated channels, is one of the most significant features of AM. Figure 10a illustrates essentially the limits of mesh or foam fabrication where feature dimensions such as open channels, struts, and ligaments approach * 0.5 mm. Such small, internal dimensions, and in fact all AM-created internal structures, require open, articulated channels or articulated regimes in order to remove the unmelted powder. For very small openings in very large components or products, this can pose considerable challenges. The most effective strategies involve high-energy ultrasonic cleaning combined with dry air blasts as originally described by Medina et al. [52] and illustrated in Fig. 11 for a Co-Cr-Mo superalloy mesh product fabricated by EBM. Such AM product development offers considerable advantages over more conventional fabrication such as casting. Figure 12 shows an example of an open-channel structure concept for a turbine blade, which allows far more efficient cooling, thereby extending high-temperature blade life. In addition, and as Fig. 2 , optimal processing parameter adjustments might also allow for specialized columnar grain or a single-crystal structure to be achieved in turbine blade AM fabrication [37, 38, 54] . These features can even be achieved in Ti-6Al-4V as recently described by Han et al. [48] who demonstrated the effect of laser parameters (in an argon atmosphere) on the microstructure of Ti-6Al-4V, achieving columnar grains extending * 10 mm or more, heavy grain widths as large as * 1 mm, grown on equiaxed grains (200-800 lm) of Ti-6Al-4V starter plates. Similar, directional grains ([ 1 mm) of Inconel 718 alloy (see ''Glossary of Alloy Compositions'') have been grown on an equiaxed, grain structure (* 60 lm) of type 316L stainless steel (see ''Glossary of Alloy Compositions'') by electron beam melting as well [55] . An example of these results is reproduced in Fig. 13 .
It is interesting to note that other related directional microstructures/architectures are often observed in association with the melt zone geometries, including the scan spacing, s, in Eq 2. Figure 14 illustrates this phenomenon in contrast to Fig. 13 , which shows c 00 (Ni 3 (Al, Ti, Nb)) fcc precipitates forming directional, columnar architectures in the build (Z) direction for EBM-fabricated Inconel 625 alloy (see ''Glossary of Alloy Compositions''). The melt zone which defines the c 00 columns is roughly 2 lm in diameter, while the scan spacing is roughly 3 lm [56] . The continuous, melt zone thermo-kinetics create these often interrupted c 00 precipitate columns, which will be illustrated in more detail later in this review.
While numerous examples of light and electron micrographs have illustrated the variations in microstructures which can be achieved in a variety of metal and alloy components fabricated by electron and laser beam melting technologies as a consequence of process parameter variations (Figs. 5, 6, 7, 8, 9, and 10), it is also important to establish standards and specifications accepted for a variety of products fabricated by more traditional subtractive manufacturing processes. Gaytan et al. [44] earlier suggested including tabs at critical locations on AM-fabricated products and components, which could be easily removed without altering the part, and analyzed for microstructure development, hardness, chemistry, and other properties. More recently, various US professional societies, such as the America Society for Testing Materials (ASTM) International and the American Society for Mechanical Engineers (ASME), have developed committees to address the establishment of standards and certification in collaboration with various industries, especially those serving the aircraft and aerospace industries [57] . Recent aspects have been described and reviewed by Seifi et al. [58] .
Direct Metal Droplet 3D Printing Concepts
To some extent, Fig. 1d actually illustrates a 3D printer concept where powder is emitted from a nozzle to create an x-y powder bed, while a suitable binder is selectively printed in a CAD-driven pattern from a printing jet (nozzle) similar to an ink-jet printer head. Such systems can work well for fluids, but complexities arise when liquid metal drops are to be selectively printed to create a 3D object. In ink-jet printer heads, liquid ink droplets are pulsed from an orifice in a reservoir containing the ink, often using piezoelectric-driven pulsing schemes at room or low temperature. These inks usually possess a low surface tension which allows efficient spreading of even nano-size droplets on the printed surface. However, for metals, higher temperatures are required for useful structural metals such as aluminum, which melts at * 660°C, and has a surface tension at its melting point of around 850 mJ/m 2 ) [59] . Some of the earliest efforts to develop a 3D metal droplet printer were undertaken by Orme and Muntz [60] three decades ago, including a patent published in 1990 [24] . Additional work using aluminum, aluminum alloys, and other lower melting point metals continued for ten years [61] [62] [63] , with related research continuing on drop-ondemand metal 3D printer systems [64] [65] [66] [67] , including fundamental droplet research [68, 69] . Murr and Johnson [19] have reviewed these prospects in some detail, while Wang et al. [70] have also very recently described an aluminum droplet (jet) 3D printing process employing the magnetohydrodynamic property of liquid metal in an alternating magnetic field. Figure 15a illustrates the metal droplet generator design of Murr and Johnson [19] which utilizes a small diameter (1-2 mm) wire spool to feed the melt crucible. A pulsing concept releases a Rayleigh jet as a charging electrode charges each forming droplet. Charged droplets can then be deflected by additionally charged arrays to form required object geometries. However, complex geometries would require multi-axis arrays, or droplet generators forming scaffolds which would have to be removed in a manner similar to unmelted powder in complex powder bed product fabrication. To a large extent, such systems would be mainly CAD limited. The major advantages of direct droplet deposition would be the ability to build closed-cell structures, such as foams, which cannot be fabricated using powder bed processing. In addition, drop-on-demand droplet generators could be clustered as shown in Fig. 15b to increase the volume of metal deposited to many times that for powder bed technologies. Multi-material and multimetal deposition would also be possible with clustered Fig. 15b as well. Such highvolume deposition could be further coordinated in large manufacturing arenas to fabricate a multitude of large products and associated components [19] .
As illustrated schematically in Fig. 16c 3D metal droplet deposition would also be fundamentally different from powder bed layer building where each superheated droplet would cool rapidly and independently when deposited. Amorphous structures could possibly be produced, or microstructures that in some cases could be systematically manipulated using auxiliary laser or electron beam heating or annealing. Figure 16a and b contrasts traditional melt solidification by a moving solidification front in processes, such as directional casting or crystal growth, (Fig. 16a) with powder bed or related melt solidification layer building (Fig. 16b) , which can create the directional microstructures or architectures illustrated in Figs. 8, 13 , and 14, for example [23] .
While direct metal droplet 3D printing poses many advantages and novel or unique AM prospects, few significant advances have been achieved over the past three decades. Nonetheless, continued developments may accrue more attractive commercial realities in the future.
Examples of Contemporary, Additive/3D Printed Component Microstructures
Metallography, particularly light and electron microscopy (especially scanning and transmission electron microscopy, SEM and TEM, respectively), has largely provided the key driver for the structure-property-processing-performance paradigm, which continues to define materials science and engineering as interdisciplinary [22] . Over the past several decades, this has been demonstrated to be true for AM technologies as well.
As in more contemporary manufacturing technologies, product performance is almost always decided by process variable control and post-processing thermo-mechanical (TM) treatments, which are usually carefully assessed by metallographic (microstructure) analysis. ''Powder Bed Technologies: Electron and Laser Beam Melting'' section of this review provides some limited examples of process differences and process control parameters on residual AM product microstructures (e.g., Figs. 2, 5, 6, 7, 8, 9, 10, 13, and 14) . In addition, numerous examples of AM-related microstructures and microstructure control have been described in numerous references cited: [8, 10, 13, 37, 38, 48-51, 55, 56] . In this section, additional microstructure examples will illustrate some of the novel, especially directional architectures unique to SLM-and EBM-fabricated products.
Copper EBM
As noted previously, copper powder bed fabrication includes challenges in precursor powder purity, particularly oxidation as discussed by Frigola et al. [42] . Earlier work by Ramirez et al. [71] for EBM-fabricated products from copper powder (shown in Fig. 4a ) illustrates copper oxide (Cu 2 O-cuprite) cubic precipitates arranged in continuous columns in the z-direction (build direction), including [19] , courtesy of Elsevier connecting regimes of oxide precipitates and dislocations. Figure 17 reproduces an example of these oxide architectures which, at lower magnification using light microscopy, resemble the directional precipitate architectures illustrated in Fig. 14 [71] . Like those directional architectures in Fig. 14 , the directional oxide precipitates in the TEM image in Fig. 17 generally lie within the continuous melt zone columns generated during EBM melt scan strategy, or scan spacing indicated by ''s'' in Fig. 14 .
By using a more purified (99.99%) copper precursor powder and higher beam currents to create a hotter build process, Frigola et al. [42] produced a more equiaxed grain structure by EBM without measurable oxide precipitates. The yield strength for these EBM-fabricated components was observed to be 0.76 GPa in contrast to 0.69 GPa for wrought copper products.
Superalloy Microstructures
Superalloys, especially nickel-base and cobalt-base alloys have continued to find a wide range of applications over the past decades in aerospace and industries involving extreme environments, and applications suited to these environments: corrosion and oxidation in particular [72] [73] [74] . High-temperature applications involving turbine blades and rotor components in jet engines began in the 1960s when novel strategies for maintaining creep life were developed using carbide precipitate microstructures in Co-base alloys and a variety of Ni 3 X eutectic precipitate phase microstructures in Ni-base alloys such as Inconel 718 and Inconel 625 [75] [76] [77] [78] .
While Co-base alloy carbide precipitation is homogeneously distributed in more conventional cast products, EBM fabrication (using pre-alloyed powder shown in Fig. 3c ) produces directional architectures composed of cubic Cr 23 C 6 precipitates illustrated in Figs. 18 and 19 . In  Fig. 18 , the carbide precipitates are formed in the melt columns (spaced s) in the build (B) direction. Figure 19 illustrates the cubic, nano-carbides comprising the directional architectures in Fig. 18 . In addition to carbide precipitation, fcc Co-base alloys exhibit extended stacking faults during fabrication and especially when heat-treated to dissolve the carbide precipitates. This feature also occurs upon HIP annealing (4 h @1100°C) of the EBM product shown in Figs. 18 and 19 , and is illustrated in Fig. 20 [79, 80] . The residual yield stress corresponding to The depositing droplets are superheated to assure molten droplets reach the building object was measured to be 0.6 GPa in contrast to 0.51 GPa for Fig. 18 . However, the yield stress for the Co-base alloy fabricated by EBM as shown in Fig. 18 was measured to be 0.71 GPa in the x-y plane, perpendicular to the build direction (z-axis).
In contrast to Co-base superalloys, Ni-base alloys can be chemically and thermodynamically manipulated to produce a variety of eutectic precipitates, notably gamma prime (c 0 ) (Ni 3. Al: fcc, a = 036 nm), gamma double prime (c 00 ) (Ni 3 Nb: bct, a = 0.34, c = 0.70 nm), and delta (d) (Ni 3-Nb: orthorhombic, a = 0.51, b = 0.42, c = 0.45 nm) [76] [77] [78] . Optimized gamma prime precipitates are cuboids, semi-coherent oriented in a cube-cube relationship with the fcc NiCr matrix (a = 0.36 nm). The gamma double prime precipitates are usually variously disk-shaped and coincident with the cube planes of the matrix. Under some conditions, the c 00 phase decomposes to delta needles coincident with the fcc matrix {111} planes [81] . However, as illustrated for the EBM fabrication of Inconel 625 alloy in Fig. 21 , gamma double prime plate-like precipitates (Ni 3 Nb) are coincident with the NiCr (fcc) matrix {111} planes and form columnar architectures in the build (B) direction. Murr et al. [56] have examined these precipitation microstructures in some detail in order to establish the phase specifics. It is also notable to observe that Figs. 14 and 21 are the same EBM-fabricated product. Figure 21 , by contrast with Fig. 14 , is an optimized metallographic etch which reveals the precipitate features, while higher-resolution TEM and x-ray diffraction analysis have provided even more specific microstructural and crystallographic corroboration [56] .
Mignanelli et al. [82] have recently noted that the Al/Nb elemental composition ratio determines the eutectic phase in Ni-base superalloys: a low ratio produces c 00 , while a ratio from 2 to 1 favors c 0 , even forming gamma-gamma prime/gamma double prime dual superlattice microstructures in specific cases. Figure 22 shows c 00 (Ni 3 Nb) disklike precipitates coincident with the NiCr (fcc) cube {100} planes in SLM-fabricated Inconel 718, following a HIP annealing. The selected area electron diffraction (SAED) pattern inset in the TEM image of Fig. 22 shows the [100] zone axis in the vertical plane section, while D shows a c 00 disk-like precipitate in the (001) horizontal surface plane. A schematic view of the coincident {100} c 00 precipitates is shown in the image right face (010) plane [82] . Similar results were observed by Strondl et al. [83] for EBM fabrication of Inconel 718 components.
Single-crystal Ni-base superalloy, cast turbine blades have become the standard for high-temperature environments where creep life is a limiting feature. As shown in Fig. 2 , these products are characterized by microdendritic h100i microstructures, which are ultimately controlled by a gamma prime (c 0 ) Ni 3 Al cuboidal precipitation hardening microstructure [78] . These cuboidal c 0 eutectic phase microstructures are semi-coherent with the {100} NiCr (fcc) matrix planes, and optimized design strategies have involved assuring specific c/c 0 -phase relationships; including cubic or strict cuboidal c 0 precipitate shapes, size, volume fraction and c/c 0 channel or interfacial regime spacing [78, [84] [85] [86] . These features are usually achieved by multiple and often complex (multi-step) heat treatments after casting. Figures 23, 24 , 25, and 26 show a sequence of metallographic images for EBM-fabricated René 142, a Ni-base superalloy (see ''Glossary of Alloy Compositions'') originally developed for turbine blade production in the early 1990s. Figure 23 shows microdendritic columns coincident with the melt columns, with the microdendrites oriented in the [001] direction, having [100] and [010] branches (observable in the horizontal plane section and the inserted schematic at ''p''). A magnified view shows these columnar architectures to be composed of c 0 (Ni 3 Al) cuboidal precipitates in the inset of Fig. 24 . Figure 25 shows a magnified TEM image of a region similar to the inset in Fig. 24 , which shows the c 0 precipitates having coherent fringe contrast and dislocations primarily in the c matrix region between the precipitates [87] . Figure 26 shows a magnified view of Fig. 25 tilted to eliminate dislocation images and retain only contrast fringes at the c/c 0 interface, corresponding to a misfit of * 0.3%. These contrast features were originally described in detail more than 50 years ago [88, 89] size of * 275 nm, with a c/c 0 channel spacing ranging from 25 to 75 nm, with a c 0 volume fraction of * 59%. This is essentially optimal for this alloy [85] . As a consequence, the EBM-fabricated René 142 alloy illustrated in Figs. 23, 24 , 25, and 26 represents a basically optimized product, albeit essentially serendipitous in the context of EBM processing parameters and pre-alloyed René 142 powder properties.
Kear and Oblak [76] have meticulously described the mechanism underlying creep, such as optimization in c/c 0 microstructures in Ni-base superalloys like René 142 (Figs. 25 and 26 ). Low-temperature deformation first involves slip (dislocation glide) on {111} planes of paired ah110i/2 dislocations followed by viscous cutting of the gamma prime (c 0 ) cuboids by paired ah110i/2 dislocations in climb configurations at high temperature. ah112i/3 stacking fault modes of shear are also important in primary creep and at intermediate temperatures where the motion of superlattice intrinsic/extrinsic stacking fault pairs becomes creep rate controlling. Ultimately it is blocking of glide motion which inhibits noticeable creep.
This section has illustrated that strategies to optimize turbine blade creep performance have relied upon metallography principles for more than a half century and that AM technologies such as SLM and EBM have not fundamentally altered this for superalloy products. Nonetheless, there are often some significant variations in mechanical properties for EBM and SLM products in contrast to more commercial, wrought or cast products. Some examples of these will be outlined in a later section.
Examples of Other High-Temperature Metals Microstructures
Superalloys such as Inconel 718, 625 and René 142 described above have melting points ranging from 1260 to 1350°C. These melting points can be compared with Ti and Ti-6Al-4V where the melting temperatures are 1670 and 1650°C, respectively. The Co-Cr-Mo alloy represented in Figs. 18, 19 and 20 melts around 1330°C. By contrast, stainless (300 series) steels melt between 1360 and 1455°C.
Murr et al. [90] have recently described the EBM fabrication of pure iron components where the microstructure exhibited delta (d) bcc iron platelet-like phases coincident with the alpha (a) bcc iron matrix {110} and {100} planes. These microstructures were observed to be created on rapid cooling of the atomized powder and retained in the residual, fabricated components. Figure 27 illustrates these novel microstructure features. (111) and (111) planes, respectively (111) and (111) planes, respectively. The vertical plane section is (111) , and C and D denote traces of [112] and [110] corresponding to the fcc (111) and (111) planes, respectively One of the highest melting metals fabricated by EBM is niobium (* 2477°C) as described by Martinez et al. [91] . Niobium products have applications in superconducting cavity designs, and niobium alloys, some of which (Nb-Ti) continue to be the commercial superconducting wire of choice, have been investigated as the next-generation hightemperature components [92, 93] . Figure 28 reproduces an EBM-fabricated niobium product microstructure image showing low-angle grain boundary and dislocation substructures. Dislocation densities ranged from 10 9 to 10 10 / cm 2 , and the residual Vickers microindentation hardness ranged from 0.9 to 1.1 GPa. These values can be compared with commercial, annealed Nb (sheet) products where the microindentation hardness values range from 0.13 to 0.3 GPa for grain sizes around 300 lm [94] .
Aluminum and Aluminum Alloy AM Fabrication and Microstructural Issues
Like nickel-base superalloys, aluminum alloys rely upon precipitation hardening/strengthening for their properties and performance. But although aluminum and its array of alloys have low melting points in contrast to superalloys, their fabrication by AM, especially powder bed processes, is especially challenging because of oxidation issues, thermal conductivity, and the fact that the heat of fusion for aluminum, the energy required for melting, is one of the highest for metals. For example, the latent heats of fusion for Ni Nb, Fe, and Cu are 297, 285/kg 272, and 205 kJ/kg, respectively, while Al is 398 kJ/kg. For comparison, the corresponding ratios of (latent heat of fusion)/(melting temperature) are 0.59, 0.20, and 0.12 kJ/kg°C for Al, Ni, and Nb, respectively. This requires special bed heating arrangements for aluminum and its alloys. In addition, aluminum is a fairly good thermal conductor and this feature complicates the thermal budget for powder melting and is also compensated by bed heating.
As noted earlier, Orme et al. [60, 63] were among the first to experiment with aluminum and aluminum alloy AM using direct droplet deposition (Fig. 15) . However, their products were characterized by grain sizes commensurate with droplet sizes and surrounded by a heavy oxide. Lousis et al. [95] described similar concerns for SLM of aluminum components. More recent powder bed (EBM) fabrication of Al-2024 and 7075 alloys by Mahale et al. [96] produced directional (columnar grain) microstructures composed of * 20-micron-diameter substructures (Fig. 29) . Recent efforts describing SLM of Al-Si-Mg alloys [97] and related aluminum alloys [98, 99] , as well as Al-6061, 2024, [21] and 7075 by EBM have described challenges for AM of precipitation hardenable Al alloys where standard metallurgy treatments are not always applicable, although some post-processing heat treatments can be successful in some instances. Unfortunately, there are no systematic studies which have examined precipitation phenomena in AMfabricated aluminum alloys by TEM.
Although Fig. 29 shows columnar (directional) grain structure often typical for EBM fabrication (Figs. 5b, 14 , 18, 21, 22 and 25), the precipitation microstructures are not visible. These may occur in precipitate columns where the thermo-kinetics associated with the melt zone columns are conducive to specific precipitation phenomena. It should be noted that just as in cast structures, grain refiners such as solute nanoparticles or other nanoparticles can be added to the powder bed to act as nucleating agents during layer melting, creating an equiaxed structure rather than columnar and microdendritic structure. These additions can also act as strengthening agents.
While precipitation in aluminum alloys can vary in morphology, crystallography, and composition, the more common alloys: 6061, 2024, and 7075 (see ''Glossary of Alloy Compositions''), are heat-treated or tempered to produce a systematic evolution of precipitates: GP (Guinier-Preston) zones (composed of Cu atom clusters) ? h 00 (Al 3 Cu needles or platelets coincident (coherent) with fcc matrix {100} planes) ? h 0 (larger platelets coincident (semi-coherent) with fcc matrix {110} planes) ? h (coarse, globular particles and platelet, non-coherent precipitates of various compositions which contribute minimally to strengthening). This h sequence is specific to Al-6061, while similar precipitation sequences occur for Al-2024 and 2075 alloys depending on temper: Solutionizing (homogenizing), quenching, and aging [100] . For example, the optimum hardening in Al-6061 occurs for a T6 temper: homogenizing at 450°C for * 4 h, quenching, and then aging at 170°C for 24 h, producing fine needles and rods creating a Widmanstatten structure. Similar temper treatments produce optimum strength in 2024 and 7075 aluminum alloys as well. Natural aging for some Al alloys can also provide for an increase in mechanical properties without concern for oxidation and other problems. Comparative tensile strengths typically achieved are: 6061 (0.3 GPa), 2024 (0.47 GPa), and 7075 (0.57 GPa).
Figures 30 and 31 illustrate a range of precipitate features in friction-stir-welded Al-6061 [101] . While frictionstir welding (FSW) does not incur melting, temperatures vary from a maximum at the weld zone (0.8 T M , where T M is the absolute melting temperature) to more systematic cooling throughout the stir-affected zone. These thermomechanical variances produce a full range of precipitation throughout the weld zone as shown typically in the examples of TEM microstructure image in Figs. 30 and 31 .
Jacobs [102] in very early TEM studies (nearly a half century ago) has illustrated Guinier-Preston zone structures and other precipitation phenomena in aluminum alloys in great detail, while more recent descriptions of heat treatments and associated precipitation phenomena for [96] aluminum alloys, and illustrated generally in Figs. 30 and 31 for aluminum 6061, can be found in Wang and Starink [103] and Ber et al. [104] .
Biomedical Applications for AM OpenCellular Metal Products
One of the most apparent advantages of AM/3D printing technologies, especially powder bed melting processes, (Fig. 1c) involves the ability to produce complex, metal products having open-cellular mesh or foam structures, such as that represented in Fig. 11 , and complex, articulated internal channel structures as shown in Fig. 12. Figure 32 illustrates a few examples of CAD models and EBM-fabricated components built from unit cell elements. Such processing software is available from several software suppliers. Foam models as shown in Fig. 32d have their origin in Kelvin cells [105] , or micro-CT scans of existing foam structures as described by Murr et al. [106, 107] for biomedical materials applications. Heinl et al. [108] , among others, have also described similar interconnected, porous implant structures fabricated by EBM.
While mesh and foam structures in orthopedic implant design can be fabricated with strut or ligament sizes, as well as pore sizes, as small as 0.2 mm, optimal bone cell ingrowth into such porous components has been observed to be around 0.4 mm (or larger) to bridge the pores through cytoplasmic extensions and migration [109] [110] [111] and to allow for vascular structures to form in order to provide a living environment. Although bone cell ingrowth into porous implants provides for cement less and more stable insets, porous implants also provide greater mechanical stability by significant reductions in the elastic (Young's) modulus, thereby significantly reducing or eliminating stress shielding caused by significant differences in solid metal implant elastic moduli (210 GPa for Co-Cr-Mo and 110 GPa for Ti-6Al-4V) and trabecular (soft) and cortical (hard) bone which range from 0.1 to 1 [22] , courtesy of Springer and 18 to 20 GPa, respectively. This is due to the fact that a wide range of materials, including metals and alloys, have been observed to follow the classical Gibson-Ashby relationship [112] :
where E s and E are the solid and porous Young's modulus, q s and q are the corresponding densities, and C is * 0.9 and n %2. This is particularly true for Co-Cr alloy and Ti6Al-4V alloy mesh and foam products fabricated by EBM as shown in data reproduced in Fig. 33 .
There has also been some effort to produce biologically compatible Ti alloys having significantly lower Young's modulus than Ti-6Al-4V (110 GPa) [113] , and recent work by Hao et al. [114] and Hernandez et al. [115] has described a beta-phase Ti-24 Nb-4 Zr-7.9 Sn alloy (Ti-2448) having a Young's modulus as low as 42 GPa. Figure 34 shows a TEM image of this alloy containing a 00 martensite. This alloy, following the Gibson-Ashby relationship in Eq 3, would allow reduced open-cellular pore sizes and increased mesh or ligament thicknesses, resulting in increased implant density, but maintaining requisite stress shielding properties. While this may not be a significant consequence in implant structures not incurring large operating stresses, such as maxillofacial or skull implants implicit in Fig. 35 , it would make a difference for implants undergoing fatigue and compressive stress environments, such as knee implants (Fig. 36) or hip implants, especially in the femoral stem or in long rod implants. Figure 37 shows some related fatigue and compression strength data for Ti-6Al-4V open-cellular mesh components fabricated by EBM [116, 117] . The implications of these results are that for the same maximum fatigue and compression strength shown for Ti-6Al-4V (Ti64) at * 7 GPa Young's modulus, the corresponding modulus for porous Ti-24 Nb-4 Zr-7.9 Sn (Ti2448) could be less than half that value.
The compressive collapse strength, r*, for open-cellular structures is given generally by [112, 116] :
where r s is the solid compressive strength, c 0 is a constant, and n * 1.5. The constant c 0 can vary for mesh or foam structures from 0.1 to 1 and tends toward 1 for closed-cell structures where the cell faces and trapped gases can enhance compressive (crushing) strength. Li et al. [117] have also recently shown that reticulated Ti-6Al-4V mesh structures with different build elements (Fig. 32a-c) can affect the compressive deformation behavior which is related to coupled mechanisms of buckling and bending.
Although metal implants are nearly a century old, the use of electron or laser melt fabricated, porous appliances of various types has been very limited in the USA (hip appliances and cranial implants as in Fig. 35 ) and other parts of the world [119] [120] [121] . However, significant surgical implant applications began in China over the past decade [122] , and many Chinese hospitals are using powder bed processing (SLM and EBM) to fabricate a wide variety of patient-specific, open-cellular implants for orthopedic surgical and related procedures. Li et al. [123] and Murr [107, 124] have recently illustrated clinical examples of novel implant successes. Similar examples have also been described by Ackland et al. [125] for orthopedic programs in Australia. 
Mechanical Properties and Comparisons of SLM and EBM-Fabricated Metals and Alloys
Beginning with Fig. 2 , laser and electron beam AM processes are shown to adhere to the well-tested and welldocumented materials science and engineering paradigm relating structures, properties, processing, and performance of materials [22] . In the case of powder bed AM fabrication, component size impacts scaling relationships which differ for electron or laser beam interactions as well as scan strategies and process environment (gas or vacuum) cooling issues (Fig. 6 ). properties for Ti-6Al-4V as these apply strategically to biomechanical compatibility. Weissmann et al. [126] , among others, have recently illustrated differences in roughness and other related features for Ti-6Al-4V struts for SLM and EBM-fabricated mesh structures. Surface finish, especially for small geometries, is better for SLM than EBM in most cases. Where roughness is related to crack nucleation, mechanical properties and performance can be affected (Fig. 10a) .
Figures 33 and 37 illustrate the ability to systematically manipulate the elastic (Young's) modulus and related mechanical properties such as compressive and fatigue strength for open-cellular structures, for powder bed AM processes. Gibson and Ashby [116] have demonstrated Eq 3 to be applicable for a wide range of open-cellular materials, including aluminum, and Ramirez et al. [127] have demonstrated this response for the Young's modulus for EBM-fabricated, open-cellular copper, while Murr et al. [128] have shown that the elastic modulus for both Co-CrMo and Inconel 625 alloys fabricated as open-cellular structures also follow Eq 3, with n % 2.
It is interesting to note that in many instances, metals and alloys have elastic moduli that tend to increase with melting temperature: Al and Al alloys such as 6061, 2024, and 7075 (see ''Glossary of Alloy Compositions''), where E = 70 GPa; Cu where E = 116 GPa; Ni, where E = 170; 316 stainless steel, where E = 195 GPa; Fe, where E = 210 GPa; Inconel 718 and 625, where E % 212 GPa. However, as in many physical phenomena, exceptions occur such as in the case of niobium, where E = 105 GPa. Similarly, there is generally a linear relationship between the bulk (solid) elastic modulus and the surface free energy for metals [59] .
It is generally shown that the mechanical (engineering) properties of metals and alloys (e.g., yield stress, tensile (ultimate) stress, elongation and hardness) are as good or better in as-fabricated SLM or EBM products as more traditionally cast, wrought, or forged products [129] , and also generally related to the solid (fully dense) product elastic modulus. While microstructure is also generally related to mechanical properties as in solid products, some variances can occur for directional architectures as shown in Figs. 14, 18, 21, and 23, especially with regard to the tensile (or stress geometry) axis relative to these directional architectures (or the build direction: z-axis versus x-and y-axes).
Figures 38, 39, and 40 compare the mechanical properties for a number of EBM-and SLM-fabricated, solid (fully dense) metal alloy products. Comparing Fig. 38a and b (left portion of graph), both EBM and SLM produce Ti6Al-4V products having 0.2% engineering offset (strain) yield stress and ultimate tensile stress (UTS) similar to wrought or cast products. Similar results were also recently demonstrated by Zhao et al. [129] , although elongation is notably higher for EBM and HIPed Co-Cr-Mo alloy. Figure 39a shows similar properties for annealed wrought and EBM (z)-fabricated Inconel 625 alloy, while the EBM ? HIP product also exhibits greater elongation. SLM and SLM ? HIPed Inconel 625 alloy products in Fig. 39b show similarities, although the as-fabricated SLM products exhibit considerably increased hardness values over corresponding EBM (z)-fabricated products. These differences are somewhat consistent with differences in residual (precipitation) microstructures for EBM versus SLM-fabricated Fig. 36 Co-Cr-Mo alloy femoral (knee replacement) implant. (a) and (c) show outer (contact) surface finish and inner (femoral contact) mesh structure. F and T in x-ray image of (b) denote femur and tibia bones. The highly crosslinked polyethylene inset (artificial meniscus) is invisible to x-rays. Adapted from Murr [107] , courtesy of Elsevier Inconel 625 alloy [131] . In Fig. 40a , SLM (z)-fabricated Inconel 718 alloy exhibits similar mechanical properties in comparison with cast and forged products, while Fig. 40b shows a significant increase in yield stress for SLM (z) 316L stainless steel in contrast to forged 316L stainless steel. The corresponding Vickers microindentation hardness (HV) values corroborate this difference.
In Fig. 39b , there is a notable difference between the EBM (z) and EBM (x,y) Co-Cr-Mo alloy components: increase in yield and decrease in UTS. This can be rationalized in terms of the directional (z-axis) carbide architecture, while EBM (x,y) denotes a tensile axis perpendicular to this carbide architecture. However, when the architecture is eliminated by HIP (EBM (z) and (EBM (x,y)) ? HIP for Co-Cr-Mo), the yield stress is essentially the same. Generally, it appears that relationships between microstructure and properties for more conventionally fabricated metals and alloys (cast, wrought, forged) are also characteristic of SLM and EBM-fabricated metals and alloys. The differences are that the scan strategies and especially the melt volumes in AM-fabricated products provide a unique thermo-kinetic environment often [131] conducive to specific and unique microstructures and directional architectures composed of these microstructures. As a consequence, the proper selection of scan strategies and parameters may produce optimized or specific microstructures which are only achieved in more conventional metal and alloy products by post process heating treatments and treatment schedules.
Discussion and Summary
It is aphoristic to note that metallography, considered to be the birth of applied microscopy, had its origins in early work (1863) of Henry Clifton Sorby, who was the first to etch (with nitric acid) iron and steel to reveal its microstructure as observed by light microscopy [134] [135] [136] .
Using this technique, Sorby was the first to show that small carbon additions were responsible for the strength of steel, paving the way for steel mass production. This novelty in observing microstructural features in iron is illustrated in Fig. 27 which shows nano-thin delta (d) iron platelets formed by rapid cooling in both the atomized, precursor powder and preserved in EBM-fabricated components [90] . Similarly, precipitation phenomena crucial for creep behavior optimization in very early (ca. 1965) Ni-base superalloys have also been observed in EBM-and SLMfabricated products using metallographic imaging (Figs. 21, 22, 23, 24, 25, and 26) , while Figs. 30 and 31 provide prospects for observing a plethora of precipitation and precipitation evolution in popular aluminum alloys, which are becoming increasingly of interest in AM processes, especially for complex, small products. Surely, without metallographic guidance, great advances in manipulating microstructures in optimizing performance characteristics of metals and alloys over the past century or more would not have been possible. Similarly, and as outlined briefly in this review, metallography will play a vital role in the fabrication and performance optimization of AM-fabricated metals and alloys.
Without metallographic diagnosis, AM product processing strategies are difficult if not impossible to develop in the same way microstructure evolution has been, and continues to be crucial for the optimal processing and performance design for more conventional metal and alloy manufacturing. It has been demonstrated in this review that metallography, as applied microscopy involving light and electron microscopies, must continue to play a central role in AM/3D printing of metal and alloy products. The long tradition and expectation for structure (especially microstructure)-property relationships of AM-processed parts to be as good or better than cast, wrought, or forged products, as these apply to conventional processing of metals and alloys, continue to be vindicated. These features are supported in the range of SLM-and EBM-fabricated alloys shown in the graphical representations in Figs. 38,  39 , and 40. However, because of the unique thermo-kinetic features within the broad spectrum of AM, there are many novel microstructures and microstructural architectures unique to AM processes. These are often responsible for enhanced AM mechanical properties in contrast to more conventional manufacturing process mechanical properties represented in examples provided in Figs. 38, 39 , and 40. [132] . (b) is based on data in Sing et al. [133] Acknowledgments The author is grateful for contributions to this review by many students and colleagues over the past 50 years. Many of these have been acknowledged in the figure captions and other references in the narrative. Special thanks to Dr. Chris Bagnall who critically reviewed the manuscript and contributed to valuable insights. 
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